Bacillus subtilis HmoB is a heme oxygenase with a novel structure 
INTRODUCTION
Most pathogenic bacteria require iron for survival, growth and pathogenecity (1). However, free iron is scarce within the human host because the majority of iron is bound by hemoproteins like hemoglobin and myoglobin, and other high-affinity iron binding proteins such as transferrin and lactoferrin (2). Bacterial pathogens have developed sophisticated system to utilize host iron source to meet their iron requirement. For example, Staphylococcus aureus has an iron-regulated surface determinant (Isd) system to bind hemoglobin and remove the heme cofactor and traffic heme into the bacterium (3, 4). Once inside the bacterium, heme is degraded by two heme oxygenases, IsdG and IsdI, to release the nutrient iron. Two heme oxygenases (HmoA and HmoB) are identified in B. subtilis (5). These two proteins have been shown to bind and degrade heme in the presence of electron donor. HmoB (formerly known as YhgC) belongs to the IsdG family heme oxygenases and sequence alignment showed that HmoB contains conserved active site residues for heme binding and degradation. However, HmoB is about 60 amino acids longer in the N-terminus than other IsdG family members and comparison of structures showed that monomer of HmoB is similar to the dimer of IsdG family heme oxygenases.
RESULTS AND DISCUSSION

Overall structure
The crystal structure of B. subtilis HmoB was determined at 2.0 Å resolution. The overall structure showed that HmoB has eight anti-parallel β strands in the center surrounded by four α helices on the outside (Fig. 1) . This protein belongs to the ferredoxin-like fold with the typical βαββαβ motif in the C-terminal region (6). There were three HmoB molecules in the asymmetric unit with approximate 3-fold symmetry (Fig. 1) . The three subunits were quite similar to each other with root mean square deviations of 0.289 Å between subunit A and B, 0.239 http://bmbreports.org , which constituted about 8.6% of the total surface area of each subunit when calculated by the ProtorP server (7). This surface area is rather small compared to the typical buried surface area of protein-protein interfaces of about 1,300-1500 Å 2 (8). HmoB eluted as two peaks in a size exclusion column indicating a possible equilibrium between a trimer and a monomer in solution (Supplement 1).
Comparison with IsdG family heme oxygenases
Sequence comparison showed that the C-terminal region (residues 64-166) of HmoB aligns with other IsdG family heme oxygenases with sequence identities of 28.4, 30.0, 21.2, 23.2 and 27.1% with S. aureus IsdG, S. aureus IsdI, B. Japonicum HmuQ, B. Japonicum HmuD and M. tuberculosis MhuD, respectively (Fig. 2B) . The monomer of dimeric IsdG and IsdI shared a common ferredoxin-like βαβ-fold with the C-terminal region (β5-β8) of HmoB with root mean square deviations of 1.33 Å and 1.07 Å, respectively (Fig 2A) . The C-terminal region of HmoB also contains critical residues for heme binding and degradation such as N70, W128 and H138 that are completely conserved among IsdG family heme oxygenases (shown in ball-and-stick model in Fig. 2A and indicated with asterisk in Fig. 2B ). H138 of HmoB is not shown in Fig. 2A because residues 131-151 are not included in the model due to disorder. All of the previously characterized IsdG family heme oxygenases form homodimers with two heme binding sites (Fig. 3) . These homodimers include a central eight stranded antiparallel β-barrel surrounded by α-helices on opposite sides of the β-barrel. As shown in Fig. 3 , the C-terminal region (β5-β8) of HmoB superposes well with one monomer (yellow) of IsdI homodimer. Interestingly, the N-terminal region of HmoB is similar to the other monomer (lime) of IsdI homodimer. Especially, the N-terminal β-strands (β1, β2, β3 and β4) of HmoB aligns well with the β-strands of the other monomer (lime). HmoB is distinct from previously studied IsdG family heme oxygenases in that HmoB does not form a homodimer and represent a novel heme oxygenase structure. In conclusion, structural and sequence comparison with IsdG family heme oxygenases suggests that B. subtilis HmoB is a heme oxygenase with novel structure and oligomerization state.
